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Siklodekstrin glukanotransferas (CGTase) adalah enzim perindustrian pelbagai fungsi 
yang terlibat dalam tindak balas siklisasi untuk penghasilan siklodestrin (CD) daripada 
kanji. CD adalah sebatian sakarida yang mempunyai permukaan hidrofobik di dalam dan 
hidrofilik di luar. Oleh itu, CD dapat membentuk kompleks inklusif dengan molekul 
hydrofobik yang membolehkan ia mengubah sifat fizikal dan kimia molekul tersebut. 
Dengan ciri-ciri potensi mereka, CD telah diaplikasikan dalam pelbagai industri termasuk 
industri makanan, farmaseutikal, pertanian dan kejuruteraan alam sekitar. Walau 
bagaimanapun, ketidakstabilan enzim semasa proses reaksi telah menyebabkan 
penghasilan CD yang rendah. Oleh sebab itu, teknik imobilisasi enzim telah 
diperkenalkan untuk meningkatkan kestabilan enzim bagi mencapai pengeluaran CD 
yang tinggi. Objektif kajian ini adalah untuk mengoptimakan proses imobilisasi CGTase 
di atas membran gentian berongga poliviniliden fluorida (PVDF) dengan 
memanipulasikan parameter imobilisasi dan bandingkan prestasi enzim yang terlekat dan 
bebas terhadap penghasilan CD. Dalam kajian ini, kaedah satu faktor pada satu masa 
(OFAT), reka bentuk faktorial pecahan (FFD) dan reka bentuk komposit pusat (CCD) 
telah diadaptasikan bagi memeriksa dan memoptimakan kesan keadaan imobilisasi 
terhadap kadar imobilisasi. Keupayaan penggunaan semula dan kajian kinetik terhadap 
CGTase yang telah diimobilisasi juga dijalankan bagi mengkaji prestasi enzim yang 
terlekat. Aktiviti siklisasi dan kestabilan CGTase dari Bacillus licheniformis terhadap 
suhu dan pH telah dikaji. Aktiviti siklisasi CGTase yang tertinggi telah dicatatkan pada 
suhu 40 °C dan pH 6.0. CGTase juga menunjukkan kestabilan pada suhu sehingga 60 °C 
dan kestabilan pada pH antara pH 6.0 hingga pH 8.0, menunjukkan bahawa enzim ini 
mampu mengekalkan kestabilan pada suhu yang tinggi dan pH yang sederhana. 
Imobilisasi CGTase di atas membran gentian berongga PVDF berjaya dilaksanakan 
melalui kaedah penjerapan. Kesan kadar kepekatan enzim, suhu, kadar agitasi, masa 
pelekatan dan pH, terhadap proses imobilisasi enzim telah dikaji menggunakan kaedah 
OFAT. Imobilisasi CGTase telah mencatatkan kadar imobilisasi sebanyak 19.21% pada 
keadaan 100 U kepekatan enzim, 25 °C suhu, 100 rpm agitasi, 24 jam masa pelekatan dan 
pH 4.0. Imobilisasi CGTase di atas membran gentian berongga juga dioptimakan 
menggunakan kaedah gerak balas permukaan (RSM). Dengan menggunakan kadar 
optimum [100 U kepekatan enzim, 24 °C suhu pelekatan, 100 rpm agitasi, 24 jam masa 
pelekatan dan pH 6.7], mencatatkan 88.25% kadar imobilisasi. Ini menunjukkan 
peratusan imobilisasi adalah meningkat sebanyak 4.6 kali ganda berbanding dengan kadar 
imobilisasi sebelum dioptimakan. Keupayaan penggunaan semula enzim yang telah 
diimobilisasi menunjukkan bahawa CGTase yang terlekat dapat mengekalkan 37.7% 
daripada aktiviti awalnya selepas digunapakai sebanyak 10 kitaran. Jumlah penghasilan 
CD yang terkumpul daripada CGTase yang terlekat setelah digunapakai sebanyak 10 
kitaran adalah 26.43 mg/ml. Kajian kinetik terhadap CGTase yang telah diimobilisasi dan 
bebas, mendapati bahawa proses pelekatan tidak mengubah sifat intrinsik enzim, 
sekaligus menunjukkan bahawa membran gentian berongga adalah sokongan yang sesuai 
dalam teknik imobilisasi enzim. Pendekatan ini membuktikan bahawa CGTase yang 
terlekat pada membran gentian berongga dapat meningkatkan penghasilan CD 
disebabkan keupayaan enzim untuk digunakan semula. 
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ABSTRACT 
Cyclodextrin glucanotransferase (CGTase) is a multifunctional industrial enzyme that 
undergoes cyclization reaction to converts starch into cyclodextrin (CD). CD is a non-
reducing maltooligosaccharides with a hydrophobic inside and hydrophilic surface 
outside. With these properties, CD able to form inclusion complexes with many 
hydrophobic molecules, changing their physical and chemical properties. Due to their 
potential properties, CD has been discovered to have numerous application in food 
industries, pharmaceutical, agricultural and environmental engineering. However, the 
instability of the enzyme during the reaction process resulted in the low production of 
CD. Therefore, enzyme immobilization technique is a promising solution to improve the 
enzyme stability in order to achieve high production of CD. The aims of this study are to 
optimize the immobilization of CGTase on polyvinylidene fluoride (PVDF) hollow fiber 
membrane by manipulating the immobilization parameters and to investigate the 
performance of the immobilized enzyme compared to the free CGTase on CD production. 
In the present study, one-factor-at-one-time (OFAT), fractional factorial design (FFD) 
and central composite design (CCD) were employed to screen and optimize the effect of 
immobilization conditions towards the immobilization yields. The reusability and kinetic 
study of the immobilized enzyme were also performed in order to study the performance 
of the immobilized CGTase. The free CGTase from Bacillus licheniformis was 
characterized to determine their optimum temperature and pH for CD production. The 
enzymatic activity was highest at the temperature of 40 °C and pH 6.0. Immobilization 
of CGTase on the PVDF hollow fiber membrane was successfully performed via 
adsorption technique. The effects of enzyme concentration, temperature, agitation rate, 
contact time and pH on the enzyme immobilization yield were investigated by OFAT 
method. The immobilized CGTase exhibited an immobilization yield of 19.21% under 
the conditions of 100 U of enzyme concentration, 25 °C of immobilization temperature, 
100 rpm of agitation rate, 24 h contact time and pH 4.0. The immobilization of CGTase 
on hollow fiber membrane was further optimized by using response surface methodology 
(RSM). Under the optimized conditions [100 U of enzyme concentration, 24 °C of 
immobilization temperature, 100 rpm of agitation, 24 h of contact time and pH 6.7], 
88.25% of CGTase immobilization yield was recorded. This illustrated that 4.6-fold 
increment of the immobilization yield was achieved compared to before optimization 
process. The reusability of the immobilized CGTase revealed that the immobilized 
enzyme could retain 37.7% of its initial activity after 10 cycles of reusability. The 
cumulative production of CD by the immobilized CGTase after 10 cycles was 26.43 
mg/ml. The kinetic study of the immobilized and free CGTase discovered that the 
immobilization process not relatively altered the intrinsic characteristic of the enzyme, 
suggesting that the hollow fiber membrane appeared as a suitable support for enzyme 
immobilization system. Hence, immobilization of CGTase on the hollow fiber membrane 
substantially improved the production of CD by allowing the reusability of the enzyme. 
 
v 
TABLE OF CONTENT 
DECLARATION 




TABLE OF CONTENT v 
LIST OF TABLES ix 
LIST OF FIGURES x 
LIST OF SYMBOLS xii 
LIST OF ABBREVIATIONS xiii 
CHAPTER 1 INTRODUCTION 1 
1.1 Introduction 1 
1.2 Problem Statement 3 
1.3 Objective of the Study 4 
1.4 Scope of the Study 4 
CHAPTER 2 LITERATURE REVIEW 5 
2.1 Cyclodextrin glucanotransferase (CGTase) 5 
2.2 Cyclodextrin (CD) 6 
2.3 Application of CD in Industries 8 
2.4 Enzyme Immobilization 11 
2.5 Techniques of Enzyme Immobilization 11 
vi 
2.5.1 Entrapment 12 
2.5.2 Encapsulation 15 
2.5.3 Cross-linking 16 
2.5.4 Solid Support Binding (Adsorption) 18 
2.6 Enzyme Immobilization on Hollow Fiber Membrane 21 
2.7 Effect of Process Parameters on Enzyme Immobilization 25 
2.7.1 Enzyme Concentration 26 
2.7.2 Temperature 26 
2.7.3 Incubation Time 27 
2.7.4 Agitation Rate 28 
2.7.5 pH 29 
2.8 Design of Experiment 29 
2.9 Kinetic Study 32 
CHAPTER 3 METHODOLOGY 33 
3.1 Materials and Chemicals 33 
3.2 Research Strategies 33 
3.3 CGTase Assay 35 
3.4 Characterization of CGTase 35 
3.4.1 Optimum Temperature 35 
3.4.2 Optimum pH 36 
3.4.3 Temperature Stability 36 
3.4.4 pH Stability 36 
3.5 Enzyme Immobilization 36 
3.5.1 Screening of the Parameters Ranges on the Enzyme 
Immobilization by using One Factor at One Time Method 
(OFAT) 37 
vii 
3.5.1.1 Type of Hollow Fiber Membrane. 37 
3.5.1.2 Effect of Enzyme Concentration 37 
3.5.1.3 Effect of Temperature 38 
3.5.1.4 Effect of Agitation Rate 38 
3.5.1.5 Effect of Contact Time 38 
3.5.1.6 Effect of pH 38 
3.5.2 Experimental Design on the Development of Immobilized 
Enzyme 39 
3.5.2.1 Screening of the Significant Parameters on the Enzyme 
Immobilization by using Fractional Factorial Design (FFD) 39 
3.5.2.2 Optimization of the Immobilization Parameters by using       
Response Surface Methodology (RSM) 40 
3.5.2.3 Validation of Empirical Model 41 
3.6 Production of CD by Immobilized and Free CGTase 42 
3.7 Reusability of the Immobilized Enzyme 42 
3.8 Kinetic Studies 42 
3.9 Analytical Analysis 43 
3.9.1 Fourier Transform Infrared Spectroscopy (FTIR) 43 
3.9.2 Field Emission Scanning Electron Microscopy (FESEM) 44 
3.9.3 High Performance Liquid Chromatography (HPLC) 44 
CHAPTER 4 RESULTS AND DISCUSSION 45 
4.1 Introduction 45 
4.2 Characterization of CGTase from Bacillus licheniformis 45 
4.2.1 Effect of Temperature on Enzyme Activity and Stability 45 
4.2.2 Effect of pH on Enzyme Activity and Stability 48 
4.3 Screening the Parameter Ranges of Enzyme Immobilization by using             
One Factor at One Time Method (OFAT) 52 
4.3.1 Effect of Enzyme Concentration 52 
4.3.2 Effect of Temperature 54 
viii 
4.3.3 Effect of Contact Time 56 
4.3.4 Effect of Agitation Rate 58 
4.3.5 Effect of pH 59 
4.4 Evaluation of Immobilization of CGTase on hollow fiber membrane 62 
4.4.1 Field Emission Scanning Electron Microscopy (FESEM) of the 
Immobilized Enzyme 62 
4.4.2 Fourier Transform Infrared Spectroscopy (FTIR) 64 
4.5 Determination of Significant Parameters on the Immobilization of              
CGTase by using Fractional Factorial Design (FFD) 65 
4.6 Optimization of the Immobilization Parameters on the Immobilization of 
CGTase by using Response Surface Methodology (RSM) 71 
4.7 Comparison on the Production of CD by the Immobilized and Free          
CGTase using the Optimized Conditions 78 
4.8 Reusability of Immobilized CGTase 79 
4.9 Kinetic Study of Immobilized CGTase 81 
CHAPTER 5 CONCLUSION 84 
5.1 Conclusion 84 
5.2 Recommendations 85 
5.2.1 Adsorption Studies 85 
5.2.2 Active Site Studies 85 
5.2.3 Hydrophobicity of the Hollow Fiber Membrane 86 
5.2.4 Optimization of CD production 86 
REFERENCES 87 
APPENDIX A MATERIAL AND METHODS 100 
APPENDIX B EXPERIMENTAL DATA 106 
APPENDIX C LIST OF PUBLICATIONS 110 
ix 
LIST OF TABLES 
Table 2.1 List of CGTase producer and their CD specificity. 6 
Table 2.2 Applications of CD in various industries. 10 
Table 2.3 Type of support material used in various enzyme entrapments. 14 
Table 2.4 Adsorption of enzyme on different type of support. 19 
Table 2.5 Adsorption of enzyme on different type of membrane. 24 
Table 2.6 Process Parameters that affect the enzyme immobilization 
efficiency. 25 
Table 3.1 Independent variables and the levels of the screening design. 39 
Table 3.2 Experimental design of 25-1 fractional factorial design. 40 
Table 3.3 Actual values of the design variables for the optimization process. 41 
Table 3.4 Experimental design of central composite design. 41 
Table 4.1 The optimum and thermal stability of CGTase from different        
sources. 47 
Table 4.2 The optimum pH and pH stability of CGTase from other sources. 50 
Table 4.3 Optimum immobilization temperature on different type of support       
and enzyme. 56 
Table 4.4 The detachment of the enzyme at various agitation rate. 59 
Table 4.5 Immobilization of CGTase on different type of hollow fiber      
membrane. 63 
Table 4.6 Experimental design and results of the fractional factorial design          
on the immobilization of CGTase on PVDF holloe fiber membrane. 65 
Table 4.7 Regression analysis of the 25-1 fractional factorial design for the 
immobilization yield. 66 
Table 4.8 Statistical analysis for immobilization yield. 68 
Table 4.9 Experimental design and results of the central composite design. 71 
Table 4.10 ANOVA for response surface quadratic model. 72 
Table 4.11 Summary of the optimized CGTase immobilization process     
parameters 77 
Table 4.12 Summary of kinetic parameters for free and immobilized CGTase. 81 
 
x 
LIST OF FIGURES 
Figure 2.1 Formation of CD under cyclization reaction of CGTase. 6 
Figure 2.2 The toridial shape of α-CD, β-CD and γ-CD, respectively. 7 
Figure 2.3 Chemical structure of α-, β- and γ-CD that consist of 6, 7 and 8    
glucose monomer, respectively. 7 
Figure 2.4 Schematic diagram of most common technique in enzyme 
immobilization: (a) entrapment (b) encapsulation (c) adsorption            
(d) cross-linking. 12 
Figure 2.5 The circle shows encapsulated lipase in hydrophobic solution-gel        
via scanning electron microscopy (SEM) micrograph. 15 
Figure 2.6 Schematic diagram of aggregation and cross-linking of an enzyme         
to prepare a CLEA. 17 
Figure 2.7 Arrows show the clumping of cross-linked lipase from Candida 
antarctica at 3500x magnification. 18 
Figure 2.8 SEM surface images of (a) control hollow fiber membrane and (b) 
immobilized carbonic anhydrase on hollow fiber membrane.               
The circles show adsorption of enzyme on hollow fiber membrane. 20 
Figure 2.9 Cross sectional area of hollow fiber membrane at 5000x. 22 
Figure 3.1 Research design for the development of immobilized CGTase via 
immobilization technique and production of CD using immobilized 
enzyme. 34 
Figure 4.1 The enzymatic activity of CGTase at various temperatures from            
30 to 70 °C. 46 
Figure 4.2 The effect of temperature on the stability of CGTase was          
determined by incubating the enzyme at various temperatures for         
30 min. 48 
Figure 4.3 Effect of pH on CGTase activity. The enzymatic activity was      
measured under the standard conditions at various pH. 49 
Figure 4.4 The pH stability of CGTase was determined by incubating the        
enzyme at various pH values (pH 4-10) for 30 min. 51 
Figure 4.5 Effect of CGTase concentration on the immobilization process.           
The immobilization conditions used was as follow: 20 °C, 150 rpm         
of agitation rate, 24 h incubation time, buffer pH 6.0. 52 
Figure 4.6 Molecular structure of polyvinylidene fluoride (PVDF) hollow           
fiber membrane with positively charged hydrogen atoms and      
negatively charged fluoride atoms. 53 
Figure 4.7 Effect of immobilization temperature on the CGTase immobilization 
yield. The immobilization conditions used were 100 U of enzyme 
concentration, 150 rpm of agitation rate, pH 6.0 and 24 h of     
incubation. 55 
xi 
Figure 4.8 Effect of contact time on the CGTase immobilization on PVDF 
membrane. The immobilization conditions as follows: 100 U of      
enzyme concentration, 25 °C, 150 rpm of agitation rate and pH 6.0. 57 
Figure 4.9 Effect of agitation rate on the immobilization yield of CGTase on    
PVDF membrane. The immobilization conditions used as follow:       
100 U of enzyme concentration, 25 °C, 24 h incubation time and          
pH 6.0. 58 
Figure 4.10 Effect of pH on the CGTase immobilization on PVDF membrane.       
The immobilization conditions as follows: 100 U of enzyme 
concentration, 25 °C, 100 rpm of agitation rate and 24 h incubation. 60 
Figure 4.11 FESEM micrograph of (a) PVDF hollow fiber membrane without 
CGTase; (b) PVDF membrane with the immobilized CGTase         
(circle) at 5000x. 62 
Figure 4.12 FTIR spectra for (a) PVDF hollow fiber membrane; (b) free        
CGTase;  (c) immobilized CGTase on PVDF membrane. 64 
Figure 4.13 The half-normal plot for 25 fractional factorial design of CGTase 
immobilization yield whereby: (A) pH; (B) enzyme concentration;       
(C) contact time;  (D) agitation rate and (E) temperature. 67 
Figure 4.14 Plot of effect of a) pH; b) enzyme concentration; c) contact time;                   
d) agitation rate and e) temperature on the immobilization yield. 70 
Figure 4.15 Comparison of actual and predicted values by the model (a) and      
normal probability of residuals (b). 73 
Figure 4.16 Response surface of immobilization yield on contact time vs. 
temperature with constant level of pH (pH 7.0). 74 
Figure 4.17 Response surface of immobilization yield on pH vs. temperature        
with constant level of contact time (24 h). 75 
Figure 4.18 Interaction of contact time towards (a) pH and (b) temperature               
on the immobilization of CGTase on hollow fiber membrane. 76 
Figure 4.19 α-CD production profile for the immobilized and free CGTase           
under the optimized immobilization conditions. 78 
Figure 4.20 Relative activity for the cyclization of starch with multiple uses               
of immobilized CGTase on hollow fiber membrane. 80 
 
xii 












w/v weight solute per volume solution 
v/v volume solute per volume solution 
Km michealis-menten constant 
Vmax maximum reaction rate 
V volt 
S substrate 





LIST OF ABBREVIATIONS 
ANOVA analysis of variance 
ATR attenuated total reflectance 
BSA bovine serum albumin 
CCD  central composite design 
CD cyclodextrin 
CGTase cyclodextrin glucanotransferase 
CLEA cross-linking aggregation enzyme 
CLSM confocal laser scanning microscopy 
COO- carboxylic bonds 
Da, KDa dalton, kilodalton 
DOE design of experiment 
FDA food and drug administration 
FESEM field emission scanning electron microscopy 
FFD fractional factorial design 
FTIR fourier transform infrared spectroscopy 
GRAS generally recognized as safe 
HCl hydrochloric acid 
HPLC high performance liquid chromatography 
MW molecular weight 
NaOH sodium hydroxide 
NH amine group 
OD optical density 
OFAT one factor at one time 
OH hydroxyl group 
PEI polyethyleneimine 
POS-PVA polysiloxane-polyvinyl alcohol 
PVDF polyvinylidene fluoride  
R2 coefficient of determination 
RID refraction index detector 
rpm revolution per minute 
RSM response surface methodology 
xiv 
Sp. species  
SEM scanning electron microscopy 





Ajitha, S., & Sugunan, S. (2010). Tuning mesoporous molecular sieve SBA-15 for the 
immobilization of α-amylase. Journal of Porous Materials, 17(3), 341–349.  
 
Akgöl, S., Yalçınkaya, Y., Bayramoğlu, G., Denizli, A., & Arıca, M. Y. (2002). Reversible 
immobilization of urease onto Procion Brown MX-5BR-Ni(II) attached polyamide 
hollow-fibre membranes. Process Biochemistry, 38(5), 675–683.  
 
Algieri, C., Donato, L., & Giorno, L. (2016). Tyrosinase immobilized on a hydrophobic 
membrane. Biotechnology and Applied Biochemistry. doi:10.1002/bab.1462 
 
Amrit, U., Agrawal, P., & Warmoeskerken, M. (2011). Applications of B-cyclodextrins in 
textiles. AUTEX Research Journal, 11(4), 94–101. 
 
Amud, A. E., Silva, G. R. P. da, Tardioli, P. W., Soares, C. M. F., Moraes, F. F., & Zanin, G. M. 
(2008). Methods and Supports for Immobilization and Stabilization of Cyclomaltodextrin 
Glucanotransferase from Thermoanaerobacter. Applied Biochemistry and Biotechnology, 
146(1–3), 189–201. doi:10.1007/s12010-007-8092-0 
 
An, N., Zhou, C. H., Zhuang, X. Y., Tong, D. S., & Yu, W. H. (2015). Immobilization of enzymes 
on clay minerals for biocatalysts and biosensors. Applied Clay Science, 114, 283–296.  
 
Arazawa, D. T., Oh, H.-I., Ye, S.-H., Johnson, C. A., Woolley, J. R., Wagner, W. R., & Federspiel, 
W. J. (2012). Immobilized Carbonic Anhydrase on Hollow Fiber Membranes Accelerates 
CO2 Removal from Blood. Journal of Membrane Science, 404–404, 25–31.  
 
Arya, S. K., & Srivastava, S. K. (2006). Kinetics of immobilized cyclodextrin gluconotransferase 
produced by Bacillus macerans ATCC 8244. Enzyme and Microbial Technology, 39(3), 
507–510.  
 
Astray, G., Gonzalez-Barreiro, C., Mejuto, J. C., Rial-Otero, R., & Simal-Gándara, J. (2009). A 
review on the use of cyclodextrins in foods. Food Hydrocolloids, 23(7), 1631–1640. 
doi:10.1016/j.foodhyd.2009.01.001 
 
Atanasova, N., Kitayska, T., Bojadjieva, I., Yankov, D., & Tonkova, A. (2011). A novel 
cyclodextrin glucanotransferase from alkaliphilic Bacillus pseudalcaliphilus 20RF: 
Purification and properties. Process Biochemistry, 46(1), 116–122.  
 
Barbosa, O., Ortiz, C., Berenguer-Murcia, Á., Torres, R., Rodrigues, R. C., & Fernandez-
Lafuente, R. (2015). Strategies for the one-step immobilization–purification of enzymes 
as industrial biocatalysts. Biotechnology Advances, 33(5), 435–456.  
 
Barbosa, O., Torres, R., Ortiz, C., & Fernandez-Lafuente, R. (2012). Versatility of glutaraldehyde 
to immobilize lipases: Effect of the immobilization protocol on the properties of lipase B 
from Candida antarctica. Process Biochemistry, 47(8), 1220–1227.  
 
Betancor, L., López-Gallego, F., Hidalgo, A., Alonso-Morales, N., Mateo, G. D.-O. C., 
Fernández-Lafuente, R., & Guisán, J. M. (2006). Different mechanisms of protein 
immobilization on glutaraldehyde activated supports: Effect of support activation and 
immobilization conditions. Enzyme and Microbial Technology, 39(4), 877–882. 
 
88 
Blanco, K. C., Santos, F. J. dos, Bernardi, N. S., Jafelicci Júnior, M., Monti, R., & Contiero, J. 
(2013). Reuse of Cyclodextrin Glycosyltransferase through Immobilization on Magnetic 
Carriers. 1000111, 1–5. 
 
Blanco, K., Faria de Moraes, F., Sozza Bernardi, N., Vettori, M., Monti, R., & Contiero, J. (2014). 
Cyclodextrin Production by Bacillus lehensis Isolated from Cassava Starch: 
Characterisation of a Novel Enzyme. Czech Journal of Food Sciences, 32, 48–53. 
 
Blanco, R. M., Calvete, J. J., & Guisán, J. (1989). Immobilization-stabilization of enzymes; 
variables that control the intensity of the trypsin (amine)-agarose (aldehyde) multipoint 
attachment. Enzyme and Microbial Technology, 11(6), 353–359. doi:10.1016/0141-
0229(89)90019-7 
 
Boscolo, B., Trotta, F., & Ghibaudi, E. (2010). High catalytic performances of Pseudomonas 
fluorescens lipase adsorbed on a new type of cyclodextrin-based nanosponges. Journal 
of Molecular Catalysis B: Enzymatic, 62(2), 155–161. 
 
Brady, D., & Jordaan, J. (2009). Advances in enzyme immobilisation. Biotechnology Letters, 
31(11), 1639–1650. doi:10.1007/s10529-009-0076-4 
 
Brígida, A. I. S., Pinheiro, A. D. T., Ferreira, A. L. O., & Gonçalves, L. R. B. (2008). 
Immobilization of Candida antarctica lipase B by adsorption to green coconut fiber. 
Applied Biochemistry and Biotechnology, 146(1–3), 173–187.  
 
Bussamara, R., Dall’Agnol, L., Schrank, A., Fernandes, K. F., & Vainstein, M. H. (2012). Optimal 
Conditions for Continuous Immobilization of Pseudozyma hubeiensis (Strain HB85A) 
Lipase by Adsorption in a Packed-Bed Reactor by Response Surface Methodology. 
Enzyme Research, 2012. doi:10.1155/2012/329178 
 
Cao, X., Zhang, R., Tan, W., Wei, C., Wang, J., Liu, Z., … Ouyang, P. (2016). Plasma treatment 
of multi-walled carbon nanotubes for lipase immobilization. Korean Journal of Chemical 
Engineering, 33(5), 1653–1658. doi:10.1007/s11814-016-0002-0 
 
Carneiro, L. A. B. C., Costa-Silva, T. A., Souza, C. R. F., Bachmann, L., Oliveira, W. P., & Said, 
S. (2014). Immobilization of Lipases Produced by the Endophytic Fungus Cercospora 
kikuchii on Chitosan Microparticles. Brazilian Archives of Biology and Technology, 
57(4), 578–586. doi:10.1590/S1516-8913201402174 
 
Chang, S.-W., Shaw, J.-F., Yang, K.-H., Chang, S.-F., & Shieh, C.-J. (2008). Studies of optimum 
conditions for covalent immobilization of Candida rugosa lipase on poly(γ-glutamic acid) 
by RSM. Bioresource Technology, 99(8), 2800–2805.  
 
Che Man, R., Fauzi Ismail, A., Fatimah Zaharah Mohd Fuzi, S., Faisal Ghazali, N., & Md Illias, 
R. (2016). Effects of culture conditions of immobilized recombinant Escherichia coli on 
cyclodextrin glucanotransferase (CGTase) excretion and cell stability. Process 
Biochemistry, 51(4), 474–483. doi:10.1016/j.procbio.2016.01.002 
 
Cheirsilp, B., & Rakmai, J. (2016). Inclusion complex formation of cyclodextrin with its guest 
and their applications. Biol, 2(1), 1–6. 
 
Chen, G.-J., Kuo, C.-H., Chen, C.-I., Yu, C.-C., Shieh, C.-J., & Liu, Y.-C. (2012). Effect of 
membranes with various hydrophobic/hydrophilic properties on lipase immobilized 
activity and stability. Journal of Bioscience and Bioengineering, 113(2), 166–172.  
 
89 
Crini, G. (2014). Review: A History of Cyclodextrins. Chemical Reviews, 114(21), 10940–10975. 
doi:10.1021/cr500081p 
 
Dardeer, H. M. (2014). Importance of cyclodextrins into inclusion complexes. International 
Journal of Advanced Research, 24, 414–428. 
 
Datta, S., Christena, L. R., & Rajaram, Y. R. S. (2013). Enzyme immobilization: an overview on 
techniques and support materials. 3 Biotech, 3(1), 1–9. doi:10.1007/s13205-012-0071-7 
 
Del Valle, E. M. M. (2004). Cyclodextrins and their uses: a review. Process Biochemistry, 39(9), 
1033–1046. doi:10.1016/S0032-9592(03)00258-9 
 
Deng, H.-T., Xu, Z.-K., Liu, Z.-M., Wu, J., & Ye, P. (2004). Adsorption immobilization of 
Candida rugosa lipases on polypropylene hollow fiber microfiltration membranes 
modified by hydrophobic polypeptides. Enzyme and Microbial Technology, 35(5), 437–
443. doi:10.1016/j.enzmictec.2004.07.001 
 
Dror, Y., Kuhn, J., Avrahami, R., & Zussman, E. (2008). Encapsulation of Enzymes in 
Biodegradable Tubular Structures. Macromolecules, 41(12), 4187–4192.  
 
Dwevedi, A. (2016). Basics of Enzyme Immobilization. In Enzyme Immobilization (pp. 21–44). 
Springer, Cham. doi:10.1007/978-3-319-41418-8_2 
 
Dwevedi, A., & Kayastha, A. M. (2009). Optimal immobilization of β-galactosidase from Pea 
(PsBGAL) onto Sephadex and chitosan beads using response surface methodology and 
its applications. Bioresource Technology, 100(10), 2667–2675.  
 
Elbaz, A. F., Sobhi, A., & ElMekawy, A. (2014). Purification and characterization of cyclodextrin 
β-glucanotransferase from novel alkalophilic bacilli. Bioprocess and Biosystems 
Engineering, 38(4), 767–776. doi:10.1007/s00449-014-1318-y 
 
Fang, S., Chang, J., Lee, Y.-S., Hwang, E.-J., Heo, J. B., & Choi, Y.-L. (2016). Immobilization 
of α-amylase from Exiguobacterium sp. DAU5 on Chitosan and Chitosan-carbon Bead: 
Its Properties. Journal of Applied Biological Chemistry, 59(1), 75–81. 
 
Feng, Y., He, Z., Ong, S. L., Hu, J., Zhang, Z., & Ng, W. J. (2003). Optimization of agitation, 
aeration, and temperature conditions for maximum β-mannanase production. Enzyme and 
Microbial Technology, 32(2), 282–289. doi:10.1016/S0141-0229(02)00287-9 
 
Fenyvesi, É., Vikmon, M., & Szente, L. (2016). Cyclodextrins in Food Technology and Human 
Nutrition: Benefits and Limitations. Critical Reviews in Food Science and Nutrition, 
56(12), 1981–2004. doi:10.1080/10408398.2013.809513 
 
Fontananova, E., Bahattab, M. A., Aljlil, S. A., Alowairdy, M., Rinaldi, G., Vuono, D., … Profio, 
G. D. (2015). From hydrophobic to hydrophilic polyvinylidenefluoride (PVDF) 
membranes by gaining new insight into material’s properties. RSC Advances, 5(69), 
56219–56231.  
 
Fortes, C. C. S., Daniel-da-Silva, A. L., Xavier, A. M. R. B., & Tavares, A. P. M. (2017). 
Optimization of enzyme immobilization on functionalized magnetic nanoparticles for 
laccase biocatalytic reactions. Chemical Engineering and Processing: Process 
Intensification, 117(Supplement C), 1–8.  
 
Frankenberger, W. T., & Johanson, J. B. (1982). Effect of pH on enzyme stability in soils. Soil 
Biology and Biochemistry, 14(5), 433–437. doi:10.1016/0038-0717(82)90101-8 
90 
Gabrovska, K., Nedelcheva, T., Godjevargova, T., Stoilova, O., Manolova, N., & Rashkov, I. 
(2008). Immobilization of acetylcholinesterase on new modified acrylonitrile copolymer 
membranes. Journal of Molecular Catalysis B: Enzymatic, 55(3), 169–176.  
 
Gawande, B., & Patkar, A. (2001). Alpha-Cyclodextrin Production using Cyclodextrin 
Glycosyltransferase fromKlebsiella pneumoniae AS-22. Starch - Stärke, 53(2), 75–83.  
 
González-Sáiz, J. M., & Pizarro, C. (2001). Polyacrylamide gels as support for enzyme 
immobilization by entrapment. Effect of polyelectrolyte carrier, pH and temperature on 
enzyme action and kinetics parameters. European Polymer Journal, 37(3), 435–444.  
 
Guzik, U., Hupert-Kocurek, K., & Wojcieszyńska, D. (2014). Immobilization as a strategy for 
improving enzyme properties-application to oxidoreductases. Molecules (Basel, 
Switzerland), 19(7), 8995–9018.  
 
Hanefeld, U., Gardossi, L., & Magner, E. (2009). Understanding enzyme immobilisation. 
Chemical Society Reviews, 38(2), 453–468. doi:10.1039/B711564B 
 
Hara, P., Hanefeld, U., & Kanerva, L. T. (2008). Sol–gels and cross-linked aggregates of lipase 
PS from Burkholderia cepacia and their application in dry organic solvents. Journal of 
Molecular Catalysis B: Enzymatic, 50(2), 80–86.  
 
Homaei, A. A., Sariri, R., Vianello, F., & Stevanato, R. (2013). Enzyme immobilization: an 
update. Journal of Chemical Biology, 6(4), 185–205.  
 
Honda, K. (2017). Chapter 16 - Industrial Applications of Multistep Enzyme Reactions. In G. 
Brahmachari (Ed.), Biotechnology of Microbial Enzymes (pp. 433–450). Academic Press.  
 
Hsu, C. h., Chu, Y. f., Argin-Soysal, S., Hahm, T. s., & Lo, Y. m. (2004). Effects of Surface 
Characteristics and Xanthan Polymers on the Immobilization of Xanthomonas campestris 
to Fibrous Matrices. Journal of Food Science, 69(9), E441–E448.  
 
Hu, B., Pan, J., Yu, H.-L., Liu, J.-W., & Xu, J.-H. (2009). Immobilization of Serratia marcescens 
lipase onto amino-functionalized magnetic nanoparticles for repeated use in enzymatic 
synthesis of Diltiazem intermediate. Process Biochemistry, 44(9), 1019–1024.  
 
Ibrahim, A. S. S., Al-Salamah, A. A., El-Tayeb, M. A., El-Badawi, Y. B., & Antranikian, G. 
(2012). A novel cyclodextrin glycosyltransferase from Alkaliphilic Amphibacillus sp. 
NPST-10: purification and properties. International Journal of Molecular Sciences, 
13(8), 10505–10522.  
 
Ibrahim, A. S. S., Al-Salamah, A. A., El-Toni, A. M., El-Tayeb, M. A., & Elbadawi, Y. B. (2013). 
Immobilization of cyclodextrin glucanotransferase on aminopropyl-functionalized silica-
coated superparamagnetic nanoparticles. Electronic Journal of Biotechnology, 16(6), 10–
10. 
 
Ibrahim, A. S. S., Al-Salamah, A. A., El-Toni, A. M., El-Tayeb, M. A., & Elbadawi, Y. B. (2014). 
Cyclodextrin glucanotransferase immobilization onto functionalized magnetic double 
mesoporous core–shell silica nanospheres. Electronic Journal of Biotechnology, 17(2), 
55–64.  
 
Ibrahim, A. S. S., El-Tayeb, M. A., & Al-Salamah, A. A. (2010). Characterization of immobilized 
alkaline cyclodextringlycosyltransferase from a newly isolated Bacillus agaradhaerens 
KSU-A11. African Journal of Biotechnology, 9(44), 7550–7559. 
 
91 
Isgrove, F. H., Williams, R. J. H., Niven, G. W., & Andrews, A. T. (2001). Enzyme 
immobilization on nylon–optimization and the steps used to prevent enzyme leakage from 
the support. Enzyme and Microbial Technology, 28(2–3), 225–232.  
 
Ivanova, V. (2010). Immobilization of Cyclodextrin Glucanotransferase from Paenibacillus 
Macerans ATCC 8244 on Magnetic Carriers and Production of Cyclodextrins. 
Biotechnology & Biotechnological Equipment, 24(sup1), 516–528.  
 
Jambhekar, S. S., & Breen, P. (2016). Cyclodextrins in pharmaceutical formulations II: 
solubilization, binding constant, and complexation efficiency. Drug Discovery Today, 
21(2), 363–368. doi:10.1016/j.drudis.2015.11.016 
 
Jamil, N., Man, R. C., Shaarani, S. M., Sulaiman, S. Z., Mudalip, S. K. A., & Arshad, Z. I. M. 
(2017). Characterization of α-Cyclodextrin Glucanotransferase from Bacillus 
licheniformis. Indian Journal of Science and Technology, 10(7).  
 
Jamuna, R., Saswathi, N., Sheela, R., & Ramakrishna, S. V. (1993). Synthesis of cyclodextrin 
glucosyl transferase by Bacillus cereus for the production of cyclodextrins. Applied 
Biochemistry and Biotechnology, 43(3), 163–176. 
 
Jia, X., Ye, X., Chen, J., Lin, X., Vasseur, L., & You, M. (2017). Purification and biochemical 
characterization of a cyclodextrin glycosyltransferase from Geobacillus 
thermoglucosidans CHB1. Starch - Stärke. 
 
Jiang, D.-S., Long, S.-Y., Huang, J., Xiao, H.-Y., & Zhou, J.-Y. (2005). Immobilization of 
Pycnoporus sanguineus laccase on magnetic chitosan microspheres. Biochemical 
Engineering Journal, 25(1), 15–23.  
 
Jordan, J., Kumar, C. S. S. R., & Theegala, C. (2011). Preparation and characterization of 
cellulase-bound magnetite nanoparticles. Journal of Molecular Catalysis B: Enzymatic, 
68(2), 139–146.  
 
Kang, G., & Cao, Y. (2014). Application and modification of poly(vinylidene fluoride) (PVDF) 
membranes – A review. Journal of Membrane Science, 463, 145–165.  
 
Kato, T., & Horikoshi, K. (1984). Immobilized cyclomaltodextrin glucanotransferase of an 
alkalophilic Bacillus sp. No. 38-2. Biotechnology and Bioengineering, 26(6), 595–598.  
 
Kilonzo, P., Margaritis, A., & Bergougnou, M. (2011). Effects of surface treatment and process 
parameters on immobilization of recombinant yeast cells by adsorption to fibrous 
matrices. Bioresource Technology, 102(4), 3662–3672.  
 
Kim, D. W., Jang, Y. H., Kim, C. S., & Lee, N. S. (2001). Effect of Metal Ions on the Degradation 
and Adsorption of Two Cellobiohydrolases on Microcrystalline Cellulose. Bulletin of the 
Korean Chemical Society, 22(7), 716–720. 
 
Kim, P.-S., Shin, H.-D., Park, J.-K., & Lee, Y.-H. (2000). Immobilization of cyclodextrin 
glucanotransferase on amberlite IRA-900 for biosynthesis of transglycosylated xylitol. 
Biotechnology and Bioprocess Engineering, 5(3), 174.  
 
Kimmel, J. D., Arazawa, D. T., Ye, S.-H., Shankarraman, V., Wagner, W. R., & Federspiel, W. 
J. (2013). Carbonic anhydrase immobilized on hollow fiber membranes using 
glutaraldehyde activated chitosan for artificial lung applications. Journal of Materials 
Science. Materials in Medicine, 24(11).  
92 
Kriaa, M., Ayadi, D. Z., Jemli, S., Sahnoun, M., Bejar, S., & Kammoun, R. (2012). Improvement 
of cyclodextrin glycosyltransferase (CGTase) production by recombinant Escherichia 
coli. Biologia, 67(6), 1049–1055.  
 
Kriaa, M., Ayadi-Zouari, D., Sahnoun, M., Jemli, S., Bejar, S., & Kammoun, R. (2015). Improved 
stability and reusability of cotton-immobilized recombinant Escherichia coli. Annals of 
Microbiology, 65(1), 383–391.  
 
Krishna, P. N. (2011). Enzyme Technology : Pacemaker of Biotechnology. PHI Learning Pvt. Ltd. 
 
Kuo, C.-H., Liu, Y.-C., Chang, C.-M. J., Chen, J.-H., Chang, C., & Shieh, C.-J. (2012). Optimum 
conditions for lipase immobilization on chitosan-coated Fe3O4 nanoparticles. 
Carbohydrate Polymers, 87(4), 2538–2545.  
 
Kweon, D.-H., Kim, S.-G., Han, N. S., Lee, J. H., Chung, K. M., & Seo, J.-H. (2005). 
Immobilization of Bacillus macerans cyclodextrin glycosyltransferase fused with poly-
lysine using cation exchanger. Enzyme and Microbial Technology, 36(4), 571–578.  
 
Lalonde, J., & Margolin, A. (2002). Immobilization of Enzymes. In Karlheinzauz & H. 
Waldmann (Eds.), Enzyme Catalysis in Organic Synthesis (pp. 163–184). Wiley-VCH 
Verlag GmbH. 
 
Lee, K. E., Hanafiah, M. M., Halim, A. A., & Mahmud, M. H. (2015). Primary Treatment of Dye 
Wastewater Using Aloe Vera-aided Aluminium and Magnesium Hybrid Coagulants. 
Procedia Environmental Sciences, 30, 56–61.  
 
Lee, K. E., Morad, N., Teng, T. T., & Poh, B. T. (2012). Factorial Experimental Design for 
Reactive Dye Flocculation Using Inorganic-Organic Composite Polymer. APCBEE 
Procedia, 1(Supplement C), 59–65.  
 
Lee, S.-H., Shin, H.-D., & Lee, Y.-H. (1991). Evaluation of Immobilization Methods for 
Cyclodextrin Glucanotransferase and Characterization of its Enzymatic Properties. 
Journal of Microbiology and Biotechnology, 1(1), 54–62. 
 
Leemhuis, H., Kelly, R. M., & Dijkhuizen, L. (2009). Engineering of cyclodextrin 
glucanotransferases and the impact for biotechnological applications. Applied 
Microbiology and Biotechnology, 85(4), 823–835. 
 
Lei, Z., & Bi, S. (2007). Preparation and properties of immobilized pectinase onto the amphiphilic 
PS-b-PAA diblock copolymers. Journal of Biotechnology, 128(1), 112–119.  
 
Lei, Z., & Jiang, Q. (2011). Synthesis and properties of immobilized pectinase onto the 
macroporous polyacrylamide microspheres. Journal of Agricultural and Food Chemistry, 
59(6), 2592–2599.  
 
Li, T., Li, S., Wang, N., & Tain, L. (2008). Immobilization and stabilization of pectinase by 
multipoint attachment onto an activated agar-gel support. Food Chemistry, 109(4), 703–
708.  
 
Li, Z., Li, B., Gu, Z., Du, G., Wu, J., & Chen, J. (2010). Extracellular expression and biochemical 
characterization of α-cyclodextrin glycosyltransferase from Paenibacillus macerans. 
Carbohydrate Research, 345(7), 886–892. 
 
93 
Linde, G. A., Laverde, A., & Colauto, N. B. (2011). Changes to Taste Perception in the Food 
Industry: Use of Cyclodextrins. In Handbook of Behavior, Food and Nutrition (pp. 99–
118). Springer, New York, NY.  
 
Liu, Y., Jin, Z., Meng, H., & Zhang, X. (2018). Study on the enhanced adsorption properties of 
lysozyme on polyacrylic acid modified TiO 2 nano-adsorbents. Materials Research 
Express, 5(1), 015402.  
 
Luckarift, H. R., Ku, B. S., Dordick, J. S., & Spain, J. C. (2007). Silica-immobilized enzymes for 
multi-step synthesis in microfluidic devices. Biotechnology and Bioengineering, 98(3), 
701–705. 
 
Luckarift, H. R., Spain, J. C., Naik, R. R., & Stone, M. O. (2004). Enzyme immobilization in a 
biomimetic silica support. Nature Biotechnology, 22(2), 211–213.  
 
Maarel, M. J. E. C., van der Veen, B., Uitdehaag, J. C. M., Leemhuis, H., & Dijkhuizen, L. (2002). 
Properties and applications of starch-converting enzymes of the alpha-amylase family. 
Journal of Biotechnology, 94(2), 137–155. 
 
Madhu, A., & Chakraborty, J. N. (2017). Developments in application of enzymes for textile 
processing. Journal of Cleaner Production, 145, 114–133.  
 
Man, R. C., Ismail, A. F., Ghazali, N. F., Fuzi, S. F. Z. M., & Illias, R. M. (2015). Effects of the 
immobilization of recombinant Escherichia coli on cyclodextrin glucanotransferase 
(CGTase) excretion and cell viability. Biochemical Engineering Journal, 98, 91–98.  
 
Margetic, A., & Vujčić, Z. (2016). Immobilized cell wall invertase in polyacrylamide hydrogel 
for invert sugar production. J. Serb. Chem. Soc., 81(12), 1359–1369.  
 
Martín, M. T., Alcalde, M., Plou, F. J., & Ballesteros, A. (2002). Covalent immobilization of 
cyclodextrin glucosyltransferase (CGTase) in activated silica and Sepharose. Indian 
Journal of Biochemistry & Biophysics, 39(4), 229–234. 
 
Martins, R. F., & Hatti-Kaul, R. (2002). A new cyclodextrin glycosyltransferase from an 
alkaliphilic Bacillus agaradhaerens isolate: purification and characterisation. Enzyme and 
Microbial Technology, 30(1), 116–124.  
 
Martı́n, M. T., Plou, F. J., Alcalde, M., & Ballesteros, A. (2003). Immobilization on Eupergit C 
of cyclodextrin glucosyltransferase (CGTase) and properties of the immobilized 
biocatalyst. Journal of Molecular Catalysis B: Enzymatic, 21(4–6), 299–308.  
 
Mateo, C., Palomo, J. M., Fernandez-Lorente, G., Guisan, J. M., & Fernandez-Lafuente, R. 
(2007). Improvement of enzyme activity, stability and selectivity via immobilization 
techniques. Enzyme and Microbial Technology, 40(6), 1451–1463.  
 
Matijošytė, I., Arends, I. W. C. E., de Vries, S., & Sheldon, R. A. (2010). Preparation and use of 
cross-linked enzyme aggregates (CLEAs) of laccases. Journal of Molecular Catalysis B: 
Enzymatic, 62(2), 142–148. https://doi.org/10.1016/j.molcatb.2009.09.019 
 
Matte, Carla R., Bordinhão, C., Poppe, J. K., Benvenutti, E. V., Costa, T. M. H., Rodrigues, R. 
C.,Ayub, M. A. Z. (2017). Physical-Chemical Properties of the Support Immobead 150 
Before and After the Immobilization Process of Lipase. Journal of the Brazilian Chemical 
Society, 28(8), 1430–1439.  
 
94 
Matte, Carla Roberta, Nunes, M. R., Benvenutti, E. V., Schöffer, J. da N., Ayub, M. A. Z., & 
Hertz, P. F. (2012). Characterization of cyclodextrin glycosyltransferase immobilized on 
silica microspheres via aminopropyltrimethoxysilane as a “spacer arm.” Journal of 
Molecular Catalysis B: Enzymatic, 78, 51–56.  
 
Milessi, T. S. S., Antunes, F. A. F., Chandel, A. K., & da Silva, S. S. (2015). Hemicellulosic 
ethanol production by immobilized cells of Scheffersomyces stipitis: Effect of cell 
concentration and stirring. Bioengineered, 6(1), 26–32.  
 
Mohamad, N. R., Marzuki, N. H. C., Buang, N. A., Huyop, F., & Wahab, R. A. (2015). An 
overview of technologies for immobilization of enzymes and surface analysis techniques 
for immobilized enzymes. Biotechnology, Biotechnological Equipment, 29(2), 205–220.  
 
Mora, M. M. M., Sánchez, K. H., Santana, R. V., Rojas, A. P., Ramírez, H. L., & Torres-
Labandeira, J. J. (2012). Partial purification and properties of cyclodextrin 
glycosiltransferase (CGTase) from alkalophilic Bacillus species. SpringerPlus, 1(1), 61.  
 
More, S. S., Niraja R, Evelyn, C., M. Byadgi, A., Shwetha V, & Das Mangaraj, S. (2012). 
Isolation, Purification and Biochemical Characterization of CGTase from Bacillus 
halodurans. Hrvatski Časopis Za Prehrambenu Tehnologiju, Biotehnologiju i 
Nutricionizam, 7(1–2), 90–97. 
 
Moriwaki, C., Ferreira, L. R., Rodella, J. R. T., & Matioli, G. (2009). A novel cyclodextrin 
glycosyltransferase from Bacillus sphaericus strain 41: Production, characterization and 
catalytic properties. Biochemical Engineering Journal, 48(1), 124–131.  
 
Muria, S. R., Cheirsilp, B., & Kitcha, S. (2011). Effect of substrate concentration and temperature 
on the kinetics and thermal stability of cyclodextrin glycosyltransferase for the production 
of β-cyclodextrin: Experimental results vs. mathematical model. Process Biochemistry, 
46(7), 1399–1404. 
 
Muthumani, T., Sudhahar, V., & Mukhopadhyay, T. (2015). Liposomes and Cyclodextrins as 
Delivery System for Cosmetic Ingredients: An Updated Review. Research Journal of 
Topical and Cosmetic Sciences, 6(1), 21.  
 
Nakamura, N., & Horikoshi, K. (1976). Characterization of Acid-Cyclodextrin 
Glycosyltransferase of an Alkalophilic Bacillus sp. Agricultural and Biological 
Chemistry, 40(8), 1647–1648.  
 
Ong, R. M., Goh, K. M., Mahadi, N. M., Hassan, O., Rahman, R. N. Z. R. A., & Illias, R. M. 
(2008). Cloning, extracellular expression and characterization of a predominant β-
CGTase from Bacillus sp. G1 in E. coli. Journal of Industrial Microbiology & 
Biotechnology, 35(12), 1705.  
 
Onsekizoglu, P., Savas Bahceci, K., & Acar, J. (2010). The use of factorial design for modeling 
membrane distillation. Journal of Membrane Science, 349(1), 225–230.  
 
Ouyang, L., Dotzauer, D. M., Hogg, S. R., Macanás, J., Lahitte, J.-F., & Bruening, M. L. (2010). 
Catalytic hollow fiber membranes prepared using layer-by-layer adsorption of 
polyelectrolytes and metal nanoparticles. Catalysis Today, 156(3–4), 100–106.  
 
Ozmen, E. Y., & Yilmaz, M. (2009). Pretreatment of Candida rugosa lipase with soybean oil 
before immobilization on beta-cyclodextrin-based polymer. Colloids and Surfaces. B, 
Biointerfaces, 69(1), 58–62.  
 
95 
Pal, A., & Khanum, F. (2011). Covalent immobilization of xylanase on glutaraldehyde activated 
alginate beads using response surface methodology: Characterization of immobilized 
enzyme. Process Biochemistry, 46(6), 1315–1322.  
 
Palomo, J. M., Fernández-Lorente, G., Mateo, C., Segura, R. L., Ortiz, C., Fernandez-Lafuente, 
R., & Guisan, J. M. (2006). Purification, Immobilization, Hyperactivation, and 
Stabilization of Lipases by Selective Adsorption on Hydrophobic Supports. In 
Immobilization of Enzymes and Cells (pp. 143–152). Humana Press.  
 
Panda, S., & Sahu, R. (2014). Inclusion complex with cyclodextrin: A boon to pharmaceutical 
world. International Journal of Biology, Pharmacy And Allied Sciences, 3(6). 
 
Pang, S., Wu, Y., Zhang, X., Li, B., Ouyang, J., & Ding, M. (2016). Immobilization of laccase 
via adsorption onto bimodal mesoporous Zr-MOF. Process Biochemistry, 51(2), 229–
239.  
 
Pinho, E., Grootveld, M., Soares, G., & Henriques, M. (2014). Cyclodextrins as encapsulation 
agents for plant bioactive compounds. Carbohydrate Polymers, 101(Supplement C), 
121–135.  
 
Pizarro, C., Fernández-Torroba, M. A., Benito, C., & González-Sáiz, J. M. (1997). Optimization 
by experimental design of polyacrylamide gel composition as support for enzyme 
immobilization by entrapment. Biotechnology and Bioengineering, 53(5), 497–506. 
 
Prakash, O., Talat, M., Hasan, S. H., & Pandey, R. K. (2008). Factorial design for the optimization 
of enzymatic detection of cadmium in aqueous solution using immobilized urease from 
vegetable waste. Bioresource Technology, 99(16), 7565–7572.  
 
Prousoontorn, M. H., & Pantatan, S. (2007). Production of 2-O-α-glucopyranosyl l-ascorbic acid 
from ascorbic acid and β-cyclodextrin using immobilized cyclodextrin 
glycosyltransferase. Journal of Inclusion Phenomena and Macrocyclic Chemistry, 57(1–
4), 39–46.  
 
Qi, Q., & Zimmermann, W. (2005). Cyclodextrin glucanotransferase: from gene to applications. 
Applied Microbiology and Biotechnology, 66(5), 475–485.  
 
Qi, Z., Wu, C., Malo de Molina, P., Sun, H., Schulz, A., Griesinger, C., … Schalley, C. A. (2013). 
Fibrous Networks with Incorporated Macrocycles: A Chiral Stimuli-Responsive 
Supramolecular Supergelator and Its Application to Biocatalysis in Organic Media. 
Chemistry – A European Journal, 19(31), 10150–10159.  
 
Quiocho, F. A., & Richards, F. M. (1966). The Enzymic Behavior of Carboxypeptidase-A in the 
Solid State*. Biochemistry, 5(12), 4062–4076.  
 
Rakmai, J., Cheirsilp, B., & Prasertsan, P. (2015). Enhanced thermal stability of cyclodextrin 
glycosyltransferase in alginate–gelatin mixed gel beads and the application for β-
cyclodextrin production. Biocatalysis and Agricultural Biotechnology, 4(4), 717–726.  
 
Reetz, M. T., Zonta, A., & Simpelkamp, J. (1996). Efficient immobilization of lipases by 
entrapment in hydrophobic sol-gel materials. Biotechnology and Bioengineering, 49(5), 
527–534.  
 
Rehm, F. B., Chen, S., & Rehm, B. H. (2016). Enzyme engineering for in situ immobilization. 
Molecules, 21(10), 1370. 
96 
Rha, C.-S., Lee, D.-H., Kim, S.-G., Min, W.-K., Byun, S.-G., Kweon, D.-H., … Seo, J.-H. (2005). 
Production of cyclodextrin by poly-lysine fused Bacillus macerans cyclodextrin 
glycosyltransferase immobilized on cation exchanger. Journal of Molecular Catalysis B: 
Enzymatic, 34(1), 39–43.  
 
Santos, J., Paula, A., G.F. Rocha, C., F.M. Nunes, G., & Castro, H. (2008). Morphological and 
mechanical properties of hybrid matrices of polysiloxane–polyvinyl alcohol prepared by 
sol–gel technique and their potential for immobilizing enzyme. Journal of Non-
Crystalline Solids, 354, 4823–4826.  
 
Schoevaart, R., Wolbers, M. w., Golubovic, M., Ottens, M., Kieboom, A. p. g., van Rantwijk, F., 
Sheldon, R. a. (2004). Preparation, optimization, and structures of cross-linked enzyme 
aggregates (CLEAs). Biotechnology and Bioengineering, 87(6), 754–762.  
 
Schöffer, J. da N., Klein, M. P., Rodrigues, R. C., & Hertz, P. F. (2013). Continuous production 
of β-cyclodextrin from starch by highly stable cyclodextrin glycosyltransferase 
immobilized on chitosan. Carbohydrate Polymers, 98(2), 1311–1316.  
 
Secundo, F. (2013). Conformational changes of enzymes upon immobilisation. Chemical Society 
Reviews, 42(15), 6250–6261. 
 
Sen, P., Choudhury, N., Dutta, M., & Bhattacharya, R. (2016). Studies On hydrolysis of skimmed 
milk using immobilized β-galactosidase in a membrane reactor. Materials Today: 
Proceedings, 3(10), 3403–3417.  
 
Shamel, M. M., Ramachandran, K. B., Hasan, M., & Al-Zuhair, S. (2007). Hydrolysis of palm 
and olive oils by immobilised lipase using hollow fibre reactor. Biochemical Engineering 
Journal, 34(3), 228–235.  
 
Sharma, N., & Baldi, A. (2016). Exploring versatile applications of cyclodextrins: an overview. 
Drug Delivery, 23(3), 729–747.  
 
Shi, B., Wang, Y., Ren, J., Liu, X., Zhang, Y., Guo, Y., … Lu, G. (2010). Superparamagnetic 
aminopropyl-functionalized silica core-shell microspheres as magnetically separable 
carriers for immobilization of penicillin G acylase. Journal of Molecular Catalysis B: 
Enzymatic, 63(1), 50–56.  
 
Sian, H. K., Said, M., Hassan, O., Kamaruddin, K., Ismail, A. F., Rahman, R. A., … Illias, R. M. 
(2005). Purification and characterization of cyclodextrin glucanotransferase from 
alkalophilic Bacillus sp. G1. Process Biochemistry, 40(3–4), 1101–1111.  
 
Singh, S. (2014). A comparitive study on immobilization of alpha amylase enzyme on different 
matrices. International Journal of Plant, Animal and Environment Sciences, 4(3), 192–
198. 
 
Sivapragasam, M., Abdullah, N., Sivapragasam, M., & Abdullah, N. (2015). Recovery of 
cyclodextrin glucanotransferase (cgtase) using immobilized metal chelating affinity 
chromatography. Brazilian Journal of Chemical Engineering, 32(1), 43–52.  
 
Sobral, K. A., Rodrigues, R. O., Oliveira, R. D., Olivo, J. E., Moraes, F. F. de, & Zanin, G. M. 
(2003). Evaluation of supports and methods for immobilization of enzyme 




Sobral, K. C. A., Rodrigues, R. M. O., Oliveira, R. D. D., Moraes, F. F. D., & Zanin, G. M. (2002). 
Immobilization of Cyclodextringlycosyltransferase (CGTase) from Bacillus firmus in 
Commercial Chitosan. Journal of Inclusion Phenomena and Macrocyclic Chemistry, 
44(1–4), 383–386.  
 
Somero, G. N. (1995). Proteins and Temperature. Annual Review of Physiology, 57(1), 43–68.  
 
Sousa, H. A., Rodrigues, C., Klein, E., Afonso, C. A. M., & Crespo, J. G. (2001). Immobilisation 
of pig liver esterase in hollow fibre membranes. Enzyme and Microbial Technology, 
29(10), 625–634.  
 
Suhaimi, S., Man, R. C., Jamil, N., Arshad, Z. I. M., Shaarani, S. M., Sulaiman, S. Z., … Ramli, 
A. N. M. (2018). Effect of Reaction Conditions on the Synthesis of Cyclodextrin (CD) 
by using Immobilized Enzyme. Jurnal Teknologi, 80(3).  
 
Sun, J., Jiang, Y., Zhou, L., & Gao, J. (2010). Immobilization of Candida antarctica lipase B by 
adsorption in organic medium. New Biotechnology, 27(1), 53–58.  
 
Sun, T., Letsididi, R., Pan, B., & Jiang, B. (2013). Production of a novel Cyclodextrin 
glycosyltransferase from Bacillus sp. SK13. 002. African Journal of Microbiology 
Research, 7(20), 2311–2315. 
 
Ta, L. N. N., Nguyen, T. H. C., & Le, V. V. M. (2016). Immobilization of Saccharomyces 
Cerevisae cells on water hyacinth stem pieces and application to repeated batch 
fermentation for ethanol production. Songklanakarin Journal of Science and Technology 
(SJST), 38(3), 333–341. 
 
Takaç, S., & Bakkal, M. (2007). Impressive effect of immobilization conditions on the catalytic 
activity and enantioselectivity of Candida rugosa lipase toward S-Naproxen production. 
Process Biochemistry, 42(6), 1021–1027.  
 
Talbert, J. N., & Goddard, J. M. (2012). Enzymes on material surfaces. Colloids and Surfaces B: 
Biointerfaces, 93, 8–19. h 
 
Tan, X., Tan, S. P., Teo, W. K., & Li, K. (2006). Polyvinylidene fluoride (PVDF) hollow fibre 
membranes for ammonia removal from water. Journal of Membrane Science, 271(1), 59–
68.  
 
Tardioli, P. W., Zanin, G. M., & De, F. M. (2000). Production of cyclodextrins in a fluidized-bed 
reactor using cyclodextrin-glycosyl-transferase. Applied Biochemistry and 
Biotechnology, 84–86, 1003–1019.  
 
Tardioli, Paulo W., Zanin, G. M., & de Moraes, F. F. (2006). Characterization of 
Thermoanaerobacter cyclomaltodextrin glucanotransferase immobilized on glyoxyl-
agarose. Enzyme and Microbial Technology, 39(6), 1270–1278.  
 
Toropainen, T., Jarho, P., Lehtonen, M., Keski-Rahkonen, P., Raatikainen, H., & Järvinen, T. 
(2008). Quantitative analysis of natural cyclodextrins by high-performance liquid 
chromatography with pulsed amperometric detection: Application to cell permeation 
study. Journal of Chromatography B, 867(1), 90–98.  
 
Tripathi, P., Kumari, A., Rath, P., & Kayastha, A. M. (2007). Immobilization of α-amylase from 
mung beans (Vigna radiata) on Amberlite MB 150 and chitosan beads: A comparative 
study. Journal of Molecular Catalysis B: Enzymatic, 49(1–4), 69–74.  
 
98 
Tsai, C.-T., & Meyer, A. S. (2014). Enzymatic cellulose hydrolysis: enzyme reusability and 
visualization of β-glucosidase immobilized in calcium alginate. Molecules (Basel, 
Switzerland), 19(12), 19390–19406.  
 
Vera, M., & Rivas, B. L. (2017). Immobilization of Trametes versicolor laccase on different 
PGMA-based polymeric microspheres using response surface methodology: 
Optimization of conditions. Journal of Applied Polymer Science, 134(36). 
 
Voncina, B., & Vivo, V. (2013). Cyclodextrins in Textile Finishing. In M. Gunay (Ed.), Eco-
Friendly Textile Dyeing and Finishing. InTech.  
 
Vujčić, Z., Miloradović, Z., Milovanović, A., & Božić, N. (2011). Cell wall invertase 
immobilisation within gelatin gel. Food Chemistry, 126(1), 236–240. 
 
Wang, C., Ouyang, X., Su, S., Liang, X., Zhang, C., Wang, W., … Li, Q. (2016). Effect of 
sulfonated lignin on enzymatic activity of the ligninolytic enzymes Cα-dehydrogenase 
LigD and β-etherase LigF. Enzyme and Microbial Technology, 93–94, 59–69.  
 
Wang, F., Guo, C., Liu, H.-Z., & Liu, C.-Z. (2007). Reversible immobilization of glucoamylase 
by metal affinity adsorption on magnetic chelator particles. Journal of Molecular 
Catalysis B: Enzymatic, 48(1), 1–7.  
 
Wang, F., Guo, C., Yang, L., & Liu, C.-Z. (2010). Magnetic mesoporous silica nanoparticles: 
Fabrication and their laccase immobilization performance. Bioresource Technology, 
101(23), 8931–8935. 
 
Wang, J.-Y., & Chao, Y.-P. (2006). Immobilization of Cells with Surface-Displayed Chitin-
Binding Domain. Applied and Environmental Microbiology, 72(1), 927–931.  
 
Wang, K., Zhou, C., Hong, Y., & Zhang, X. (2012). A review of protein adsorption on 
bioceramics. Interface Focus, 2(3), 259–277.  
 
Xie, W., & Ma, N. (2010). Enzymatic transesterification of soybean oil by using immobilized 
lipase on magnetic nano-particles. Biomass and Bioenergy, 34(6), 890–896.  
 
Yakup Arıca, M., Yilmaz, M., & Bayramoğlu, G. (2007). Chitosan‐grafted poly(hydroxyethyl 
methacrylate‐co‐glycidyl methacrylate) membranes for reversible enzyme 
immobilization. Journal of Applied Polymer Science, 103(5), 3084–3093.  
 
Yang, G., Wu, J., Xu, G., & Yang, L. (2009). Improvement of catalytic properties of lipase from 
Arthrobacter sp. by encapsulation in hydrophobic sol-gel materials. Bioresource 
Technology, 100(19), 4311–4316.  
 
Ying, L., Kang, E. T., & Neoh, K. G. (2002). Covalent immobilization of glucose oxidase on 
microporous membranes prepared from poly(vinylidene fluoride) with grafted 
poly(acrylic acid) side chains. Journal of Membrane Science, 208(1), 361–374.  
 
Yu, E. K. C., Aoki, H., & Misawa, M. (1988). Specific alpha-cyclodextrin production by a novel 
thermostable cyclodextrin glycosyltransferase. Applied Microbiology and Biotechnology, 
28(4–5), 377–379.  
 
Yu, W. H., Tong, D. S., Fang, M., Shao, P., & Zhou, C. H. (2015). Immobilization of Candida 
rugosa lipase on MSU-H type mesoporous silica for selective esterification of conjugated 
linoleic acid isomers with ethanol. Journal of Molecular Catalysis B: Enzymatic, 111, 
43–50.  
99 
Zeng, L., Luo, K., & Gong, Y. (2006). Preparation and characterization of dendritic composite 
magnetic particles as a novel enzyme immobilization carrier. Journal of Molecular 
Catalysis B: Enzymatic, 38(1), 24–30.  
 
Zhang, D.-H., Yuwen, L.-X., & Peng, L.-J. (2013). Parameters Affecting the Performance of 
Immobilized Enzyme. Journal of Chemistry, 2013, 2013, e946248.  
